Volume 282, number |, 41-46 FERS 09614
& 1991 Fedoration of BEuropean Blochwmienl Sodietie 00143793/91 £93.30
ADONIS 0439191001236

The *positive-inside rule’ applies to thylakoid membrane proteins

April 1991

Yiva Gavel'?, Johannes Steppuhn?, Reinhold Herrmann® and Gunnar von Heijne?

Y Research Group for Theoretical Biaphysice, Depariment of Theoretical Physics, Royal Insiitate of Technology, S-100 44 Stockhalm,
Siweden,  Department af Molecular Biolagy, Karolinska Instinute, Center for Biotechmology, NOVUM, S-141 87 Huddinge. Sweden
and *Boranizchex Inxtitiet der Ludwig- Maximilians-Universiidt, Menzinger Strasse 87, D-8000 Miin:hen 19, Germany

Received 11 February 1991

Tn integral membrane proteing, regions that span the lipid bilayer alwernate with regions that are exposed en either side of the membrane. For

proteins from the plasma membrane of both prokaryotic and sukaryotie cells it has been shown thut the exposed parts follaw a ‘positive-inside

rule’s on average, segments that are (ranslocited seross the membrane have a 2-4-fold lower frequeney of pesitively eharged residues than non-

translocited segments. We now present an anulysis of protéins from the thylakold membrane of chlaroplasis. It is shown that these proteins have

the same charge asymmetry as has been reported for proteins from other membrane systems, with their more highly charged regions facing the
stromal comypartment. )

Thylakaid; Membrane protein; Topology; Positive inside rule

1. INTRODUCTION

The polypeptide backbone of most integral mem-
brane proteins has at least one long hydrophobic seg-
ment that spans the membrane, most likely as an
a-helix [1]. This applies to proteins from the plasma
membrane of both prokaryotes and eukaryotes;
however; proteins from the outer membrane of Gram-
negative bacteria are built ont a different set of struc-
tural principles, and will not be considered further here
[2). Many integral membrane proteins are polytopic,
i.e. have several membrane-spanning segments con-
nected by surface-exposed loops. The topology is a
specification of the membrane-embedded domains and
the sidedness of the protein.

Proteins from different membrane systems appear to
have certain topogenic signals in common: statistical
studijes correlating the transmembrane topology: with
the amino acid sequence indicate that proteins from the
bacterial inner membrane as well as proteins from the
plasma membrane of eukaryotes follow a ‘positive-
inside rule’ [3,4]. This conclusion was originally based
on the observation that positively charged residues (i.e.
Lys and Arg) tend to be enriched in non-translocated
(i.e. -cytoplasmically exposed) as compared to
translocated - segments of the protein.. Recently,
substantial experimental support for this notion has
been reported [5-13]. These results suggest that it is
possible to predict the transmembrane orientation of a
protein once the putative membrane-spanning segments
have been identified by hydrophobicity analysis: a
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topology that is consistent with the positive-inside rule
should be most probable.

The evidence that the topology of proteins from the
bacterial inner membrane and membrane proteins in
the secretory pathway of eukaryotes follow . the
positive-inside rule is thus quite solid. However, for
lack of sequence and topology data, it has hitherto not
been possible to extend the analysis to include proteins
of the thylakoid membrane of chloroplasts. In this
paper, we analyse the topological distribution of amino
acids in a number of recently published chloroplast
protein sequences where all or parts of the topology is
known from experimental data, and show that the
positive-inside rule applies also to this class of proteins.

2. MATERIALS AND METHODS

2.1, Sequence collection and analysis

Amino acid sequences of intrinsic thylakoid membrane proteins
were collected from the literature. In cases where several closely
related proteins were found, only one of them was included in the col-
lection. Hydrophobicity analysis of the sequences was performed us-
ing a 19-residue moving window and the Engelman-Steitz
hydrophobicity scale {14] as described previously [3,4].

We found 10 proteins for which experimental data on the
transmembrane topology are available (Table 1). In most cases, the
mappings have been made by proteolytic digestion and/or antibody
binding assays. Some proteins possess phosphorylation sites,  and,
since ATP does not readily cross the thylakoid membrane, the
phosphorylated residues should be exposed to the stroma, where
ATP is available [15]. Furthermore, a number of proteins are
homologous to bacterial membrane proteins with known topology,

In some cases, the transmembrane topology is only partially known
from experimental data. We have tried to extend the topology: of
these proteins using hydrophobicity analysis as described [3,4]. This
requires that the sequence neighbouring the mapped parts contains
segments hydrophobic enough (mean: hydrophobicity = 1.5) to be
unambiguously assigned as putative membrane-spanning helices
alternating with segments hydrophilic enough (mean hydrophobicity
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Topologies of thylukeid membrane proteins. Residue na. T corresponds ta the Meterminug of the
mature protein. For experimental evidence: ser faotnotey
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Protein Relerence Trasvmernbrane topology
1ource Siroma Thylakeid Lumen
membrang
o, Nuclear-encoded proteiny without lumen-targeting signaly
Major 123=29) 1-87
chlorophyll 4886
a/bbinding £7-118
proein (CAB), 119=1377
pea! 138=186
187=208°
206-23201
b. Nuclear-encoded proteins with lumen-targeting signals
CFy subunit 11, {30} I=10
spinach? =29
1474
¢, Plastid-encoded proteins without presequences
10 kDa phos. [15.31,32] 1-39
pho-protein, 40-58
spinach’ 39=73
CFysubunit 11, {21,22,33 34} 1=
spinach 4-22
23~62
6381
81-81°
Cytochrome [35~38) 1~24
b-559 25-43
ar-subunit, 44-83'°
spinach’
Cytochrome {39,40} 1-33"
b6, spinach 34-52
53-87
88-106
107=-111
112-130
13(-183"
184-202
203-211"
D1 protein, {32,41,42] 134814
spinach’ 35-53'%
$4-108'8:1
109127
12814118
142-160"* :
161195
196-214"*
215_27220.2!.22
273-291"8
292~353%
44 kDa chloro [32,43} 1-48%
phyll @ 49~67
apoprotein, 6884
spinach?® 85--103
104111
112~130
131-158
159~177*
Cytochrome £, [44,45] ‘ 1-251%7
pea 252~270
27128526
CFy subunit 1, [21,22,46,47] 1-8%8
spinach 9-27
28-166*
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* The topalegy could not by extended Beyond this point

§

Some of the experimental dua have bevn obiained Tar CAR proteins fromy other speciex, but
tive topelogy of CAR prowins Trom higher plants is prabably universal
Pratenlytie digestion experiments and antibvody binding awsays indleste thay the N-terminm is

located Tn dve stroma. 1o ascordanee with this, 8 threonine residue in this region is

phosphoryhited

communicalion)

tt has recently been shown twt CAB has 3 membrane spans (W, Kibhlbrardy, pervonal

Sinee there are ¥ membrane spans and the N-terminus resides In the stroma, the C-terminug

shauld be bovated by the fumen, Protesivtie digeston experiments with carboxypeptidase A are
consistent with this, Furthermere, surface radiolodination experiments indivate thav Tyr-32%

Is exposed at the luminal surface

This protein has recently beew vequenced (Steppubin et al., in preparation)
Protealytle digestion experiments indicate thay a farge portion of this protein {s cxposed to the

siroma. Since the only wansmembrane arrangement thar would be consistent with the
hydrophobicity profile Is a topology with one membrane span near the N-terminus, the

cxposed part |x probably the reglon between the putative membrane span and the C-terminus
Including the Initlator Met, whigh i posttranslationally ¢leaved

The<2 is phosphorylated, Indicating that the N-terminus I exposed 1o the stroma

The sequence of this protein is 30% homologous 1o the sequenee of CFa subunit ¢ of £, coli.

In subunlt ¢, the Neterminug and the C-terminus are transloeated across the membrane and

face the periplasm

When thylakoid membranes are exposed to trypsin or VR protease, part of the protein is

digested without loss of reactivity to an antibody to a C-terminal epitope. When inside-out
vesieles are exposed (o (vypsin, reactivity (o the antibody to the C-terminal epitope is lost.

-

stroma

on the lumen side

-

stroma

b

Immunogold labeling also suggests that the C-terminug is exposed to the lumen
Treypsin sensitivity of an N-terminal epitope indicates that the N-terminus is exposed to the

A luminal orientation of this segment would account for the presence of trypsin-sensitive sites
Trypsin sensitivity of a C-terminal epitope indicates that the C-terminus is exposed to the

An antibady to residugs 22~11 binds to the stromal surface
In addition to the mapping with antibodies, the topology is consistent with proteolytic

digestion experiments, sequence homology to the Rhodopsendomonas reaction center and
exon-intron boundaries in the D1 genes of Chiamydomaonas and Euglena

>

Increased binding of an antibody to residues 59~68 was observed for inside-out vesicles after

washing, suggesting a luminal location of this epitope

p=)

B

2
21
2

<

™~

2
2

&

targeting domain
2

2

> =
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ey

Increased binding of an antibody to residues 97~105 was observed for inside-out vesicles after
washing, suggesting a luminal location of this epitope

An antibody to residues 127136 binds to the stromal surface

An antibody to residues 165-174 binds to the luminal surface

An antibody to residues 225-235 binds to the stromal surface

An antibody to residues 261--270 binds to the stromal surface

Point mutations at Val-219, Phe-255 and Ser-264 confer herbicide resistance. This suggests that
these residues are located on the stromal side

An antibody to residues 301~310 binds to the luminal surface

Including the first 14 amino acids, which are trimmed off but do not look: like a lumen

Thr-15 is phosphorylated, indicating that this residue is exposed to the stroma

Digestion with carboxypeptidase A indicates that the C-terminus is exposed on the stromal
side, Proteolytic digestion experiments indicate that the exposed sequence is rather short
There is a putative heme-binding site near the N-terminus. The heme is thought to interact with

plastocyanin, a luminal protein, Incubation of disrupted membranes or inside-out vesicles with
proteinase K results in loss of heme-peroxidase activity. Activity is not affected in right-side-

, out vesicles or intact membranes

=

The sequence of this protein is 19% homologous to the sequence of CFq subunit b of E. coli.

In subunit b, the N-terminus is translocated across the membrane, whereas a large C-terminal

region remains in the cytoplasm

= 0.7) to be unambiguously assigned as extramembraneous. Se-
quence stretches containing hydrophobic peaks in the ambiguous in-
terval (i.e. mean hydrophobicity between 0.8 and .1.4) cannot be
analyzed by this method, since a safe prediction of the number of
membrane spans is not possible.

Our dataset was prepared using the sequences: of the well-
characterized proteins described above, Those parts of the proteins
where the topology had not been mapped by experiments or where it

could not be reliably inferred from hydrophobicity analysis were
omitted. The topologies are shown in Table I.

From this dataset, 4 smaller samples were prepared: membrane-
spanning segments with the N-terminus oriented towards the stroma,
membrane-spanning segments with the N-terminus oriented towards
the lumen, exposed segments facing the stroma, and exposed
segments facing the lumen.. The membrane-spanning parts were
assumed to encompass the. most hydrophobic 19-residue stretch of
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each eandidate tramsmembrane region.. Provious studies imdivate that
only shert axposed segments have & bias (o the amim ackd diniribu.
von, with the transition region somewhers between 70 and 100
residuas (4). Therefore, luminal aivd wromal segments > 70 residues
i lengih were excluded (rom the analysis,

2.4 Swatistieal analysis

The aminG acld frequencies were caleulated for each subsample.
The statistival significance of differénces bovween tie amine acld fre-
queneias in different samples was estimated by A -analyyls,

3. RESULTS

We have analyzed the amino acid composition of the
transmembrane and  surface-exposed luminal and
stromal domains of 10 non-homologous thylakoid
membrane proteins with partly or fully determined
topologies, Table [. In particular, the distribution of
charged amino acids between the luminal and stromal
domains has been calculated, since we wanted to find
out whether thylakoid membrane proteins conform to
the same 'positive-inside rule' that is known to apply to
membrane proteins from other membrane systems,

0z
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3.1, The amino acid composition of the trans
membrane. segmanis Is similar to that of pro-
karyotic and eukaryotic membrane proleing

The overall amino acld composition of the sample of
transmembrane segments from the multi-spanning
thylakoid membrane proteins of Table | Is shown in

Fig. 1a. There are no significant differences between

the thylakoid sample and previously analyzed samples

of prokaryotic and eukaryotic plasma membrane pro-
teing. On the other hand, although the sample is small,
the amino acid composition of single-spanning
thylakoid membrane proteing appears more similar to
that observed for the corresponding group of
eukaryotic proteins than for the prokaryotic ones, with

a rather low frequency of alanine (~10%) and a high

frequency of leucine (~25%, Fig. 1b), Transmembrane

segments with the N-terminus oriented towards the
stroma do not differ significantly from those with the

N-terminus oriented towards the lumen (data not

shown).

Arino acid frequency

0.3

Thylakoid
Eukaryole
Q Prokaryole

0.2 |

0.1 ¢

Amino acid freguency

K

Thylakoid
Eukaryote
Prokaryote

oE

Amino &cid

Fig. 1a. Amino acid frequencies in the transmembrane segments of multi-spanning membrane proteins. The frequencies for prokaryotic and
eukaryotic proteins are from reference [4].

Fig. 1b, Amino acid frequencies in the transmembrane segments of single-spanning membrane proteins. The frequencies for prokaryotic and
eukaryotic proteins are from reference [4].
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1.2, The amino acid eompasition of the luminal and
stromal domaing follows the ‘positive-inside rle'
The amino acid composition of exposed segments
facing the stroma differs significantly from that of ¢x-
posed segments facing the lumen (Table I1). In par-
ticular, the number of positively charged residues (Arg
and Lys) is enriched more than two-fold in stromal as
compared to luminal loops (12.9% v 5.4%, P < 3 -
104y, Taken individually, both Arg (7.5% vs. 3.6%,
P < 0.02) and Lys (5.4% vs. 1.9%, P < 0.01) were
significantly enriched in the stromal loops. No similar
bias in the distribution of negatively charged residues is
found, with the frequency of Asp + Glu being 10.4% in
the stromal loops and 10.9% in the luminal loops. This
is similar to what has previously been found for both
bacterial and eukaryotic plasma membrane proteins,

4, DISCUSSION

The results presented above demonstrate that the
distribution of positively charged residues in the expos-
ed parts of thylakoid membrane proteins has a
sidedness of the same type as has been reported
previously for other membrane systems [3,4]: Arg and
Lys are less abundant in the luminal segments that have
been translocated across the membrane than in the
stromal segments: that' remain non-translocated.
However, the bias is not'as striking as in bacterial inner
membrane proteins, where the difference in the fre-
quency of Arg and Lys is almost four-fold [3]. Still, the
strict: alternation of the absolute number of positive
charges in translocated vs. non-transiocated loops,

Table 11

Amino acid frequencies in exposed loops

Amino acid Stromal Luminal
A 0.06576 0.07126
C 0.00454 0.00000
D 0.02494 0.04751
E 0.07937 0.06176
F 0.04989 0.06888
G 0.10884 0.08551
H 0.01134 0.02375
1 0.04535 0.06651
K* 0.05442* 0.01900*
L 0.08390 0.07601
M 0.01814 0.02613
N 0,03628 0.07126
P 0.05442 0.06176
Q 0.02268 0.02613
R* 0.07483* 0.03563*
S 0.08844 0.08789
T 0.06576 0.04038
\Y% 0.04762 0.06413
W 0.02268 0.02375
Y 0.04082 0.04276

Amino acids that differ significantly in frequency between stromal
and luminal loops are marked with an asterisk
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which i often found in the latter group, can be seen in
most thylakeld proteins as well, We also note that
negatively charged rexidues are evenly distributed bet~
ween luminal and stromal domains, again as has
previously been observed for other membrane proteins.
Indeed, negatively charged residues have recently been
shown to be much less potent topological determinants
than positively charged ones for E. coli membrane pro-
teins {71,

For newly sequenced thylakoid membrane proteins
where the topology cannot be inferred from experimen-
tal data, our results suggest two complementing
strategies for predicting the sidedness once the
hydrophobieity profile has been determined. First, if
the protein has a presequence containing a thylakoid-
targeting signal (i.¢, a signal-peptide like segment, [16))
it is highly likely that the N-terminus of the mature pro-
tein will be luminally exposed since thylakoid-targeting
signals are cleaved by a luminally disposed protease
(17~19]. Second, the positive-inside rule can be applied
to predict the topology of the entire molecule, whether
or not there is a thylakoid-targeting presequence. The
topology that minimizes the number of positively
charged residues (Arg and Lys) in the lumen should be
chosen (note that the positive-inside rule does not apply
when a translocated segment is very long, since only
segments shorter than abeut 70 residues appear to have
a reduced content of arginines and lysines [3,4].

If the protein lacks a thylakoid-targeting sequence,.
only the positive-inside rule can be used as a guide.
There are many bacterial and eukaryotic membrane
proteins that are made without a cleavable N-terminal
signal peptide, yet assemble into the cytoplasmic mem-
brane with the N-terminus translocating to the ex-
tracytoplasmic side (3,4,20]. Among the  thylakoid
membrane proteins,: CFo subunit III seems to provide
such an example: it lacks a thylakoid-targeting se-
quence but its topology as predicted by homology to its
bacterial relative is nevertheless one with the N-
terminus protruding into the lumen [21,22], which is
also ‘consistent with the positive-inside rule. When
analyzing thylakoid membrane proteins lacking a
thylakoid-targeting signal and with unknown topology,
we have again found examples where the nositive-inside
rule predicts a luminally exposed N-terminus, and other
examples where the opposite topology is predicted. For
example, for subunit IX of photosystem I (48] we
predict a translocated N-terminus and membrane spans
between the residues 3—21 and 63-81. On the other
hand, the @-subunit of cytochrome b-559 [36,38,49]
{predicted to have a membrane span between the
residues 19~37) should have its N-terminus exposed to
the stroma according to the positive-inside rule.

In summary, we have shown that the positive-inside
rule holds for all integral membrane proteins (except
for bacterial outer membrane proteins, ¢f. section 1)
analyzed so far, whether of prokaryotic, eukaryotic, or
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organeliar origin. This suggests that the mechanism of
membrane assembly for this very important class of
proteins is fundamentally similar throughout the living
world. ‘
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